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The present invention relates to a phase-locked loop comprising 

a voltage controlled oscillator for generating an ouqput signal and having a frequency 
control input for controlling the frequency of the ou^ut signal, 

a divider for dividing the frequency of the ouQmt signal, and 

5 a phase comparator for denving a control signal from a phase error detected between 
the frequency-divided output signal and a reference signal, said control signal bemg 
coupled to the frequency control mput of said voltage controlled oscillator 

The mvoition also relates to a method for determinmg the phase error between a first 
signal and a second signal and a phase comparator for carrying out die method 

10 Phase-locked loops of the above-mentioned type are used m a vanety of iq>plicattons 
In general, and as descnbed above, phase-locked loops mclude a phase ccnnparator or 
phase detector to compare the phase of a frequraicy-divided ou^ut signal of the voltage 
controlled oscillator and a reference sigmd The differraice between these two signals 
is used to generate a control stgnal or error signal which is fed back to the voltage 

15 controlled oscillator so as to control the frequency of its signal output m a direction 
fliat reduces this phase difference For exan^)le, phase-locked loops are used m 
different types of radio systems, such as cellular phones, in which an oscillator is 
locked to an accurate reference frequency Diffeient means are then provided to scale 
this accurate reference frequency to die desired frequency 

20 In a conventional phase-locked loop (PLL) of the above-mentioned type it is well 
known to divide die output signal of die voltage controlled oscillator (VCO) by a 
natural number (No) As mentioned die division is performed by a divider or frequency 
divider The reason to perform die division is because conqparators according to the 
pnor art only are able to compare die phase of two signals if the frequency of die two 
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signals to be compared are equal and because the because the output frequency usually 
IS "high" (MHz or GHz range) it is easier/more feasible to have the control circuit 
to work at a lower frequency In some embodunents the referrace clock may also be 
divided by a natural number (Ng) by a frequency divider in ord» to obtam a given 
5 friequency of the two signals to be compared 

When usuig a phase-locked loop of the above-mentioned type some unwanted 
frequency components or ^unous occur m the ou^ut signal These spurious occur as 
a result of the phase conq>arator (also called phase detector) workmg at a frequency 
given hereby The spunous are an unwanted effect as it most often reduces die overall 
10 performance of the system m which the phase-lock loop is operatmg For example, 
spunous on the earner m a radio system is a disadvantage as it causes undesired 
channels to mterfere wife the desired channel and thereby reducmg fee over-all 
performance of fee radio system 

According to fee pnor art, a solution to feis problem is to filter out fee qnincnis by use 
IS of a loop filter, most often located between fee phase comparator and fee voltage- 
controlled oscillator, i e fee control signal for fee voltage-controlled oscillator is 
filtered Generally fee spunous can be filtered out m a loop filter if fee bandwidfe of 
fee loop filter is sigmficantly small, e g smaller fean fee distance between fee 
spunous But fee price of reducing fee bandwidfe of fee loop filter is a slower PLL, 
20 le fee lock-m tune for fee PLL IS increased 

Some if not most pnor art phase-locked loops, which are fully or partly in^lemented 
usmg digital components, also have a nsk of producmg sub-harmomc fi^uoicies due 
to fee way feey are unplemented This is due to fee way fee two signals, fee reference 
signal and fee output signal, mteract wife each ofeer Ideally fee reference signal and 
25 fee output signal operates asynchronous, where fee phase lock is established when fee 
phases comcide Until feis happens and if a disturbance breaks fee lock there may 
occur sub-harmomcs 



us 5459435 shows a digital implementation of a PLL Hie invenuon is a straight 
forward conversion of the known analog PLL topology, where a first and a second 
counter unit is used to mdicate the phase error between the Hrequency divided output 
signal and die referrace The resolution of the PLL is fixed to tiie bit resolution of tbs 
5 digital implementation dius fixing the ratios between output frequency and reference 
fijequenQT 

US 5999060 also shows a digital implementation of a PLL using counters As with US 
5459435 the resolution of the PLL is firstly fixed to the bit resolution, but is secondly 
compensated by a scalmg means in tiie feed back The scaling means gives die 
10 possibility to increase the number of possible output frequencies 

US 6188288 is smular m many ways to US 5999060 m that some scahng means is used 
m the feed back to compensate for the bit resolution US 6188288 differs from die 
above mentioned PLL's m that a current controlled oscillator is used and not a voltage 
controlled oscillator 

15 The above mentioned PLL mo-oduces means fot increasing the number of possible 
output ftequencies They also mcrease die conq)lexity of the PLL-circuit considerably 
and do not m^rove on die lock-m time for die PLL, because a loop filter with a 
narrow bandwidth is still needed 
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The object of the mvention is to provide an unproved phase-locked loop compared to 
die phase-lock loop of the pnor art, with a fast lock-m tune, minimum nsk for sub- 
harmomcs m the output and a sinq>le circuit 



According to tbe invention, the object is achieved by a phase-locked loop of the above- 
mentioned type characterised ui Oat said phase detector includes 

a first accumulator adapted to add a first predefined phase step value to a first 
accumulated phase vahie in response to a reoccurrmg event in said firequency-divided 
5 ou^ut signal, 

a second accumulator adapted to add a second predefined phase step vahie to a second 
accumulated phase value m response to a reoccunmg ev«it m said reference signal, 
and 

subtractmg means for determmmg the phase error by subtractmg flie second 
10 accumulated phase value fi-om the first accumulated phase value 

A PLL of this type has a large loop-bandwidth, which is md^endent of the division 
ratio and consequently a fast lock-m time The loop-bandwidth may be large because, 
as shown later, the spunous m die output may to a large degree may be placed as 
desu-ed, dius allowing for a loop-filter with a wider bandwidth 

15 Because the loop-bandwidth is larger, the time-constant of the loop is smaller 
Therefore it is cheaper to mtegrate because the sizes of die loop-components are 
smaller and thereby take up a smaller die array 

Because the loop-bandwidth is mdependent of the division ratio, die PLL can 
compensate for frequency errors m references, and thereby dmunate the need of using 
20 voltage controlled temperature compensated crystal oscillators (VCTXCO) or voltage 
controlled crystal oscillators (VCXO), which is used m nearly all wireless radio 
systems and other radio systems VCTCXO and VCXO is normaUy an expensive 
circuit and can be replaced with a more sunple crystal oscilator which normally has 
better phase noise performance than VCTCXO and VCXO 
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Also, because tbe loop-bandwidth is larger it is possible to suppress narrowband phase 
noise of the VCO m a wider bandwidth around the earner and hereby improvmg the 
overall performance of the PLL This means that VCO does not have to have as good 
narrowband phase-noise performance as for a tiadiuonal PLL system Because 
5 resonators on an mtegrated circuit has very low Q-values, the performance of 
mtegrated VCO are usually not as good as a discreet solution In some systems this 
gives the possibiUty to fully mtegrate the VCO where it would not be possible usmg 
a traditional system 

Further, because the PLL has a fiast lock-m tune, it is possible to duect-digital- 
10 modulate the PLL by changmg Nr and and Ny values This means that the up- 
converter can be elimmated m systems usmg frequency shift keymg (FSK) and phase 
diift keying (PSK) 

Accorduig to a preferred embodiment of the mvention, the phase comparaK>r mcludes 
a digital-to-analogue converter adapted to conven the phase error and thereby to 
15 generate an analogue ouq)ut signal Hereby the phase-locked loop achieves a very 
large mtemal anq>hfication - anq>Iification that approadies mfinite - so the bandwiddi 
of die phase-locked loop is determmed primarily by the loop filtCT 

Accordmg to a preferred embodiment of die mvention, the phase comparator mcludes 
a first and a second digital-to-analogue converter adapted to convert the first and the 

20 second accumulated phase value and thereby to generate analogue representations 
thereof, and that the subtracting means are adapted to perform an analogue subtraction 
of the analogue representation of the second accumulated phase value from the 
analogue representation of the first accumulated phase value This is advantageous due 
the fact that the reference signal and the output signal essennally operate 

25 asynchronously Using an analogue subtraction, the forward look-up tables of the 
digital to analogue that otherwise may cause a npple m the ou^ut, will reduce or 
eliminate these npples 
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According to a preferred embodiment of the invention, the phase comparator mcludes 
a first and a second AND-means, vi^ere the oulput of said first AND-means is 
connected to a &st digital-to-analogue convener, whereby a first accumulator is 
connected to a first non-mvertmg iiq)ut of said first AND-means and wherel^ a second 
S accumulator is connected to a first mvertmg input of said first AND-means, the ouq)ut 
of said second AND-means being connected to said second digital-to-analogue 
converter, and that said second accumulator furdier is connected to a first non- 
mvertmg mput of said second AND-means, said first accumulator further being 
connected to a first mvertmg mput of said second AND-means The digital-to- 

10 analogue converters have a setthng time - the time from a digital mput is applied to 
die digital-to-analogue converter imtil a stable ou^t is achieved - whidi may cause 
large but short lived errors when the more-significant bit changes, especially the most 
significant bit This is especially a problem, because the reference signal and die 
output signal essentially operate asynchronously Furdiermore, due to the way digital 

1 5 addmon (subtraction) is done inside the component, there may be a ^ort npple m the 
output fix)m die component By usmg an AND-means, die digital number is pre- 
processed, facilitatmg a more error-free oulput from the digital-to-analogue converter 

Accordmg to a preferred ombodimoit of die mvention, die phase coni^arator mcludes 
a first reset means for the most sigmficant bit of the first accumulator, a second reset 

20 means for the most significant bit of the second accumulator, and a third AND-means, 
where the output of said durd AND-means is connected to said first and said second 
reset means of said first and said second accumulator, where the most significant bit 
of said first accumulator is connected to a first non-mvertmg input of said thud AND- 
means, and where die most significant bit of said second accunnilator is connected to 

25 a second non-mvertmg mput of said diird AND-means The intended ouq)ut from die 
phase comparator is the phase difference between die two signals and not their 
absolute value By usmg reset means for die most sigmficant bit of said first and 
second accumulator numerical overflows of die accumulators are prevented and at the 
same tune the output fi:om die phase comparator remains the same As descnbed 
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above, the resets are of the most significant bits of the accumulator and controUed by 
the most significant bits of the input to the digital-to-analogue converter Exactly the 
same funcuon may be achieved by usmg any of the bits and any number of resets 

The mvention also relates to a method of detectmg the phase error between a first 
5 signal and a second signal, where the method mcludes the steps 

frequency dividmg the first signal and/or the second signal, 

generating a first reoccurrmg tngger event m response to the first signal, 

generatmg a second reoccurrmg tngger event m response to the second signal, 

mcrementing a first phase value by a first predetemuned mcrement value when the 
10 first trigger event occurs, 

mcrementing a second phase value by a second predetenmned mcrement value when 
the second trigger event occurs, 

calculatmg said phase error by subtracting said second phase value fi-om said first 
phase value 

IS The mvenuon also relate to a phase comparator (103) for canymg out the above 
mentioned method 

The phase error calculated by the above method may be used to control a VCO like 
the one used with a PLL If the method is e g implemented in a digital signal 
processor (DSP), the voltage used to conti:ol the VCO may be generated by convenmg 
20 the digital number representing the phase error to a output voltage ft-om the DSP The 
descnbed method is, however, also useful whenever a phase error is needed between 
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two signals 

Constructing a phase-locked loop as descnbed above have a number of benefits These 
benefits may most easily be seen from an analysis of the circuits function Startmg 
with analysing the above mentioned phase-locked loop m an ideal non-digital case, tfie 
phase versus tune of the output signal and the reference signal may be represented as 

<|>v(t) = toyt + <|)vo 
where index R is the reference and mdex V is the variable firequen(^ 
The penod tune Tr and Ty of the signal may be calculated as 

T = — and Tv = — n^ 
The fractional relationship between Tr and Tv as 



T^ = NyAt , 6 N 

At 



where Nr and Ny are the mteger numbers by which tiie £requeiu:ies are divided 
10 From [1], [2] and [3] the following relation may be defined as 

[41 

Nv«l>,(t) = T^Nyt + Nv<|>vo 

The phase error may be defined as 

e(t) = ^^K^ - Nv<|)v(t) [5] 
If the relations m [3] and [4] are fulfilled, the slope of the phase funcQons may be 
derived as N^(t>^(t) and 4>v^(t) , where both of the slopes are equal to = 2n / At 
This leads to the following error relation 
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€(t) 



[6] 



This means tiiat the phase error function is equal to the tradiuonal PLL when ^ = ^ 
When Nj^ = Ny « 1 , die phase «ror is exactly the same as a traditional PLL Laplace 
transforming [4], the spectral domain becomes 



'•«<^' - -few ' s ^ 
few = ^ 



N 



R 



'V*^V 



N, 



T„s2 2ic^^ 



[7] 



In the ideal case, die phase function of the PLL is a straight Ime with a slope In the 
digital inq>lementation of a PLL, the phase function becomes a staircase function 
This corresponds to an error function between the straight Ime and the staircase which 
IS a sawtooth funcuon From [4] the staircase phase function may be defined as 

N. 



r(t) 
v(t) 



I 6 



2n 



*v(t) 



t = T,i 



t = TvJ 



, J e 



[8] 



which m die contmuous time domam gives die staircase phase function as 



r(t) 



v(t) 



:At 



■At 



2 ^2n 



2 ^ 2it 



[9] 



and which m the spectral domain may be wntten as 
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aM« = v(s) = ^i^"-'" * . N.^. 

From [7] and [11] the following relation may be d^^ed as 

»(s) = S^(s) * P^(s) 

V(s) = Sv(s) + Pv(s) 
From [11] and [12] the time domam functions for Sr and Sv may be denves as 



,(t) 



IkO kg,,^ 



110] 



[11] 



[12] 



[13] 



The phase error function from [S] may be derived m a sunilar manner as 

e(0 = i(t) - v(t) = €(t) + s^Ct) + Sv(t) [14] 
where the only difference between the two functions is the sawtooth function given by 
5 [13], which m the spectral domam becomes 

g{s) = R(s) - V(s) [15] 
Analysmg Uie staircase error function, u appears that there are no spectral harmomcs 
below <i>K or (Ov Tins means tiiat there are no sub-haniK>mcs of die reference signal 
nor the variable signal 



From the above the selected ou^ut frequency becomes a function of die reference 
10 frequency and the mtegers by whidi die frequencies are divided as 
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According to [13] the generated spunous may be selected to be as far apart as desued 
by selecting the two integers Nr and Nv ^propnately, because it is their rauo that 
selects the output frequency Also, according to [13], flie amplitude of the spunous 
decreases the further away from the base frequency they are This provides a large 
5 loop-bandwidth, which means a fast lock-m time It is therefor both possible to select 
the bandwidth of the loop and hoiv closely the spunous are placed, therd)y producing 
a con:q)onent which is more like the ideal phas&-locked loop, without some of the 
disadvantages due to die way the conq)onent is constructed The phase-locked loop is 
also easily constmcted with standard ''of-the-sheir con^onents 

10 Other features and advantages of the method of die present mvention will become 
apparent from the foUowmg descnption of preferred embodiments, taken m 
conjunction with the accompanymg figures wherem 

Figure 1 IS an example of a phase-locked loop accordmg to the pnor art. 

Figure 2 IS a first embodiment of a phase comparator or frequency comparator 
15 accordmg to the mvention, 

Figure 3 IS a second embodiment of a phase comparator or frequency comparator 
according to the mvention. 

Figure 4 IS a third embodiment of a phase comparator or frequency comparator 
accordmg to the mvennon, and 
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Figure 5 illustrates a phase-locked loop accordmg to the mvention 
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in the figures are all lines with a small line across representing a binary number 
Figure 1 is an exanq)le of a phase-locked loop accordmg to the prior art The phase- 
locked loop 100 includes a voltage controlled oscillator 101, a frequency divider 102, 
and a phase conq[)arator 103 The voltage controlled oscillator or VCO 101 mcludes 
S a frequency controllmg input terminal and an output terminal As shown m the figure, 
die output terminal of the VCO 101 is operatively connected to an input termmal of the 
frequency divider 102 Further, the frequency divider 102 mcludes an output termmal 
which IS operatively connected to a first mput terminal of the phase comparator 103 
The phase comparator 103, which is also denoted a phase detector 103 m the 
10 foUowmg, also mcludes a second input terminal and an ouq[>ut termmal The output 
termmal of the phase detector 103 is operatively connected to the mput termmal of the 
VCO 101 Hereby die voltage controlled oscillator 101 , die frequency divider 102, and 
the phase comparator 103 form a closed loop 

The voltage controlled oscillator or VCO 101 is adapted for retnevmg an control signal 
15 via the mput terminal of die VCO and for generatmg an oscillatmg electncal output 
signal havmg a frequency which is determmed by die control signal The frequency 
divider 102 is adapted for dividmg the frequency of a signal supplied thereto, i e the 
output signal of the VCO 101, and hereby generatmg a signal havmg a reduced 
frequency compared to the frequency of the mput signal supplied thereto 

20 The phase comparator 103 is adapted for derivmg a control signal from die frequency- 
divided output signal and a reference signal supplied diereto vm the first and the 
second mput terminal, respectively Hereby, when the phase comparator 103 is 
supplied by die frequency-divided output signal from the VCO 101 and die reference 
signal, an output signal reflecting die phase error between the two mput signals is 

25 generated For example, the phase comparator may ouQ)ut a voltage proporuonal to the 
phase difference between the mput signals As mentioned above, the phase comparator 
103 IS coupled to die voltage controlled oscillator 101, i e dunng operation the control 
signal generated by die phase comparator 103 is supplied to die VCO 101 via the 



» 
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frequency control input tenmnal of said voltage controlled oscillator 

The shown phase-locked loop also includes a loop filter lOS adapted for smoothening 
the output of phase detector 103 » i e filtering the signal used to control die voltage 
controlled oscillator 101 and hereby reducing unwanted spurms occurring in the signal 
5 Further, as illustrated m the figure, the frequency divider 102 may include one or more 
frequency dividmg parts 102A, 102B Hereby, a first frequency dividmg part 102A and 
a second frequency dividing part 102B may be adsqpted for perfonmng the frequency 
division m two successive steps In addition, the reference signal may also be denved 
from anodier signal, e g die reference signal may be an output signal of a frequency 
10 divider 109 as shown m the figure 

In short the operation of a phase-locked loop may be explained as follows Durmg 
operation the frequency divider 102 receives an oscillatmg mput signal from the VCO 
and generates an oscillatmg signal havmg a reduced frequency The phase detector 103 
outputs a signal which is det^mmed by the phase difference between the two mput 

15 signals supplied thereto, le the phase difference between the output signal of the 
frequency divider 102 and the reference signal When the phase of the output signal 
from the frequency divider 102 lags behmd of the phase of the reference signal, die 
phase detector outputs an "up" signal, e g by mcreasmg the output voltage which is 
supplied to the VCO 101 via the loop filter 105 On the other hand, when the phase of 

20 the output signal from the frequency divider 102 leads diat of the reference signal, the 
phase detector outputs a "down" signal, e g by decreasmg the output voltage which 
IS supplied to die VCO 101 via the loop filter 105 The voltage controUed oscillator 
101 ou^uts an oscillatmg signal detemuned by the ouq)ut voltage from die loop filter 
105 Hereby, the frequency of the VCO output signal mcreases and decreases when 

25 the phase detector 103 outputs an "up" and a "down" signal, respectively As a result 
the phase difference between ou^ut signal of the frequency divider 102 and the 
reference signal is decreased When the phase-locked loop 100 is in a phase-locked 
state, the phase of the output signal of the frequenQr divider 102 is m ahgnment with 
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that of the reference signal and the frequency of the two signals are the same There 
IS therefor diree signals of importance m the phase-locked loop Ao, Ay and Ar which 
are cyclic functions and may be described as 

A^t) = siii(»ot + (|)o) 

ArW = suifoRt + d)^) [17J 
Ay(t) = siii(«vt + <j)y) 
When the system is m lock the following condition is fulfilled 

5 which gives a phase enor 

. <I>R <I>v 

The effective frequency by which the phase comparator operates is that which 
corresponds to o>i> This will lead to the generation of spunous, because this frequency 
IS slower than coq The spurious are unwanted, because diey will cause unwanted 
channels to interfere and must be filtered out by a filter placed m the loop However^ 
10 this reduces the bandwidth of the phase-locked loop 



Figure 2 illustrates a first embodiment of a phase comparator or frequency con^arator 
accordmg to die mvenaon The phase comparator mcludes a first accumulator 201, a 
second accumulator 202 and subtractmg means 203 The first accumulator 201 and the 
second accumulator 202 both mclude an input terminal and an output terminal The 

IS first and the second accumulator 201 » 202 are operatively connected to a first and a 
second mput tenmnal of the subtractmg means 203 The first and the second 
accumulator 201, 202 are bodi adapted for receiving an mput signal via the mput 
terminal and generation an output signal which is supplied to the subtracting means 
Responsive to the input signal received via the mput terminal of the accumulator 201, 

20 the first acciimulatt>r 201 is adapted for accumulatmg a first value m a register or 
memory thereof Likewise, responsive to the mput signal received via the mput 
terminal of the accumulator 202, the second accumulator 202 is adapted for 
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accumulatmg a second value in a register or memory thereof The phase comparator 
IS adapted for supplying die first and die second accumulated values to die subtraction 
means 203 and thereby the difiTerence there between may be deteinuned When die 
first and the second accumulator 201, 202 are adapted for being tnggered by tngger 
S signals reflectmg die phase of a first and a second signal, respectively, die difference 
between the accumulated values reflects the phase difference between the first and the 
second signal 

In die shown embodimrat, die first accumulator 201 includes a first digital register 
208, a second digital register 209, a first adder 210 and a first tngger 205 The first 

10 adder 201 is adapted for being supplied with die contents of the two registers 208, 209 
or at least a subset diereof, e g a number of die least sigmficant bits, as mput values 
The first adder 210 is adapted for addmg the values supplied as input and hereby 
generatmg a digital ouQ)ut signal The ou^ut of the adder 210 is connected to die mput 
of the first register 208 which is adapted for bemg tngged by a tngger signal su{^lied 

15 di^to via the first trigger 205 connected dier^ When die first register 208 is 
tngged, die mput value supplied dier^ by the adder 210 wntt^ mu> the first roister 
208 and h^by saved as the new updated content diereof. For sinq>hci^, m the shown 
embodiment the contents of the registers 208 and 209 are continuously present at die 
output terminals As a result die output of the first adder 210 is present at the mput 

20 temunal of die register 208 and therefore die content is updated when the register 208 
IS tngged by tngger means 205 

When the second register 209 holds a predefined phase step value, die first register 
208 mcludes a first accumulated phase value which is updated whm tngged A first 
oscdlatmg signal ArCi), e g a reference signal, may be supplied as mput to the first 
25 trigger means 205 and hereby the first tngger means 205 forms a tngger signal which 
is supplied to die first register 208 As mdicated in Figure 2, the first tngger means 
205 IS adapted for tnggmg the first register 208 when a first mput signal supplied 
thereto exceeds a first predetermmed level, i e die first accumulator 201 is adapted 
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for, responsive to a reoccumng event in a first oscillating signal supplied thereto, 
adding a first predefined phase st^ value to a first accumulated phase value 

In the shov^ embodiment, the second accumulator 202 is implemented similarly to the 
above-mentioned implementanon of the first accumulator 201, and mcludes two 
5 registers 21 1, 212, a second adder 213, and a second trigger 206 The output of the 
second trigger 206 is connected to a tngger input of a first of the two registers A 
second oscillating signal Av(t), eg a firequency-divided version of an voltage 
controlled oscillator ouQ>ut signal, may be supplied as an input to the second tngger 
206 As mdicated, the second tngger 206 is adapted for trigging the first of the two 

10 registers 211 when a second mput signal supplied diereto exceeds a second 
predetermined signal level, t e ihe second accumulator 202 is adapted for, responsive 
to a reoccurrmg event m the second oscillating signal supplied thereto, addmg a second 
predefined phase step value to a second accumulated phase value When the first of 
the two registers is tngged the output of the second adder 213, i e the sum of the 

1 S contents of the two registers 2 1 1 , 2 1 2, is stored as the new content of the register 211 

When a first and a second osciUatmg signal are supplied to the first and the second 
trigger means 205, 206, respectively, and when the second and the fourth registers 
209, 212 are given a value representing a predefined phase stq), the outputs of the first 
and the second accumulator are accumulated phase values reflectmg the phase of the 
20 first and the second osciUatmg signal, respectively The subtractmg means 203 is 
adapted for subtractmg the first accumulated phase value and the second accumulated 
phase value and hereby determinmg fhe phase eiror between the first and the second 
signal supplied to the tngger means 205, 206 As lUustrated m the figure, the output 

of the subtractmg means 203 is connected to a digital-to-analogue converter 204 

» 

25 adapted for convertmg the digital representation of the phase error to an analogue 
value and hereby formmg and analogue output signal of the phase comparator 
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The predefined phase steps could be selected from a maximum allowable phase 
accuracy, which with 16 bit resolution would be 

-^-^ = « 0 005** r-^ni 

It is however not required to select the predefined phase steps based on the bit 
resolution accordmg to [16] many mteger numbers may be selected giving the 
5 possibihty of selecting placement of spunous as well as the frequency scaling between 
the reference signal and the output 

The above-mentioned embodiment is advantageous due to the simplicity which is 
obtamed due to the calculation of the phase error as a digital subtraction The pnce, 
on the otitier hand, is that (he digital subtraction may generate spikes and hazards m 
10 the resultmg phase error signal In the foUowmg a second embodiment of a phase 
comparator according to the invention is descnbed This embodiment is an example 
of a phase comparator which is both simple and hereby easy to implement, and m 
which spikes and hazards do not occur m the resultmg output signal 

Figure 3 illustrates a second embodiment of a phase comparaK>r accordmg to the 
IS mvention. In this embodiment, the first and the second accumulator 201, 202 is 
implemented as described m relation to figure 2 Therefore the first and the second 
accumulator 201, 202 and the function thereof will not be described further below 

In contrast to the CTibodiment shown m figure 2, the output of the first and the second 
accumulators 201, 202 m the embodiment shown m figure 3 are connected to a first 

20 and a second digital-to-analogue converter 204A, 204B, respectively Hereby, when 
a digital value representing an accumulated phase value is supplied the first and the 
second digital-to-analogue converter 204A, 204B, respectively, an analogue 
representation thereof is formed The output of the first and second digital-to-analogue 
converter 204A, 204B are connected to a subtraction means 223 which is adapted for 

2S performing an analogue subtraction and hereby formmg an analogue ou^ut signal of 
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the phase comparator 



Optionally the phase comparator may mclude a first and a second AND-gate 220, 221 
as illustrated m figure 3 In the shown embodiment, the output of the first accumulator 
201 and the second accumulator 202 is connected to a non-mverted and an mverted 
5 mput of the first AND-gate 220, respectively Further, the ouQ>ut of the first 
accumulator 201 and the second accumulator 202 is connected to an mverted and a 
non-mverted input of the first AND-gate 220, respectively As illustrated m the figure, 
the AND-gates 220, 221 are adapted for performmg a bit-by-bit AND operation on the 
digital signals supplied thereto This may be explained m the followmg way When 

10 each of the bits are added or subtracted, the outcome from one set of bits al^ects the 
outcome from others As an example if 1 is added to the digital number 1 11 tiie result 
is 1000, which is straight forward However, what happens is a bit-by-bit approach, 
where 1 + 1 =0 plus a 1 for die next bit As the AND-gate is not tnggered, this will 
cause a npplmg effect on the output Using AND-gates as described above, the 

IS subtraction of the two digital numbers is pre-processed By further digital-to-analog 
convertmg the digital numbers with the two digital-to-analogue converters 204A, 204B 
and perfomung the subtraction with as an analog subtraction means 223, the nsk of 
npples are sigmficantly minnmsed 

The analogue subtraction means m the above-mentioned phase comparator is 
20 advantageous as no spikes or hazards will occur m the resultmg output signal due to 
short hved error signals on the higher bits Therefore, this embodiment has been found 
very useful 

The two adding means 210 and 213 does not contribute to a sumlar problem as 
described above This is because the output from the two addmg means 210 and 213 
25 are only read into said first digital register 208 and said second digital register 209 
when they are triggered by said first tngger 20S or said second tirigger 206 The 
outputs fit)m said two addmg means 210 and 213 ttierefore have adequate time to settle 



to stable ouQ)uts 
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Figure 4 illustrates a third embodiment of a phase comparator accordmg to the 
mvention The shown embodmiait mdudes a synchronous reset of the most significant 
bit (MSB) of the first register 208 and the third register 211 , i e the registers adapted 
S for mcludmg accumulated values It is, however, not the absolute value of the digital 
number in the registers, but the difference between the numbers Hie synchroiious 
reset may be implemented as illustrated m figure 4 In the shown embodiment tibe first 
register 208 and the third register 211 have the same l«igth, i e the two registers 
mclude the same mimbw of bits When the phase conqiarator is m use the contents of 

10 the two registers are accumulated as a result of the above-mentiCMied tngga: signal 
supplied thereto As flie difference between die contents of the two registers is 
calculated, it has to be insured that a possible overflow of the registers is taken care 
of This IS due to the fact that an uncontrolled overflow may odierwise lead to an 
undesired result when performing the subsequent subtraction To overcome dus 

15 problem an AND-gate 404 is connected to the first and the thud register 208, 21 1 The 
AND-gate 404 is adapted for bemg supphed with die most significant bit (MSB) of the 
first register 208 and die third register 21 1 as shown m the figure Hie output of the 
AND-gate 404 is connected to a reset input of both die first register 208 and the third 
register 211 Hereby, when the most sigmficant bit of both the first and the diird 

20 register208, 211 is "1" , i e the MSB equals a value of logical "1", die output value 
of the AND-gate 404 is also T' In all other situations, the ouQ)ut value of the AND- 
gate 404 IS "0" Therefore die most sigmficant bit of die first and die dind register is 
reset, i e set to "0", when diey have bodi become T Hereby, an overflow is 
avoided m such a manner diat die ouQ)ut signal of the phase conq)arator contuniously 

25 reflects die phase di^erence between the two mput signals supplied thereto 
Optionally, a sunilar reset may be implemented for not only MSB, but for any bit of 
the digital number 
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Figure S illustrates a phase-locked loop including an incremental phase comparator, 
le a phase conq)arator accordmg to the mvention As shown m the figure, the output 
of the mcremental phase comparator (IPQ 501, i e is connected to a voltage 
controlled oscillator 503 via a loop filter 502 A reference signal is connected to a first 
5 mput of the mcremental phase conq>arator 50 1 , i e to the input of the first register 208 
(see figure 2, 3 or 4), and the output of the voltage controlled oscillator 503 is 
connected to a second mput of the mcremental phase comparator 501 via a frequency 
divider 504 As illustrated m figures 2, 3 and 4, the second mput of the mcremental 
phase comparator SOI may be connected to thurd register 211 Hereby, when an 

10 oscillation reference signal and an output signal of a voltage controlled oscillator is 
supplied as the first and the second mput signals to ttie trigger means 205, 206, 
respectively, and when die second and the fourdi registers 209, 212 are given a value 
representing a predefined phase step, the output of the first and the second 
accumulator represents an accumulated phase value of the reference signal and an 

15 accumulated phase value of the output of the voltage controlled oscillator, 
respectively 

When comparing the phase-locked loop accordmg to die mvention with the prior art 
phase-locked loop of figure 1, it is found that the mcremental phase comparator (IPC) 
replaces a phase detector according to the prior art, i e it has the same function as 
20 the pnor art phase-locked loop of figure 1, but has a much better bandwidth and 
consequently faster lock-m time 

The invention has been descnbed widi a preferred embodiment It is, however, 
possible to make changes and alterations to the shown example, while staying withm 
the mventions idea As an example, it is m the above descnption hmted that the digital 
25 numbers m the registers always are the same or will only change occasionally It is, 
however, as an example possible to continuously change the digital numbers m the 
registers and thereby produce a pulse wide modulation of the output signal with the 
result that different phase and firequency modulation schemes (QPSK, FSK, GFSK, 
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etc ) are achieved 



Claims: 
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1 Phase-locked loop (100) comprising 

a voltage controlled oscillator (101) for generating an ou^ut signal and having a 
frequency control input for controlling the frequency of the ou^ut signal, 

a divider (102) for dividmg the frequency of the output signal, and 

a phase comparator (103) for deriving a control signal from a phase error detected 
between the frequency-divided ou^ut signal and a reference signal, said control signal 
bemg coupled to the frequency control mput of said voltage controlled oscillator (101), 

characterisedm that the phase conq>arator (103) mcludes 

a first accumulator (208) adapted to add a first predefined phase step value (209) to 
a first accumulated phase value m respome to a reoccumng event m the reference 
signal, 

a second accumulator (211) adapted to add a second predefined phase step value (212) 
to a second accumulated phase value m response to a reoccumng event m the 
frequency-divided output signal, and 

subtractmg means (223) for determining the phase error by subtracting die second 
accumulated phase value from die first accumulated phase value 

2 Phase-locked loop (100) according to claim 1, characterisedm that the 
phase comparator (103) includes a digital-to-analogue converter (204) adapted to 
convert the phase error and thereby to generate an analogue output signal 
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3 Phase-locked loop (100) according to claim 1, characterisedin that die 
phase comparator (103) include a first and a second digital-to-analogue converter 
(204A, 204B) adapted to convert the first and the s^nd accumulated phase value and 
thereby to generate analogue iqpresentaaons diereof , and that die subtractmg means 

S (223) are adapted u> perform an analogue subtraction of die analogue rq)resentation 
of the second accumulated phase value from the analogue representation of the first 
accumulated phase value 

4 Phase-locked loop (100) according to claim 3, characterisedm ±at die 
phase comparator (103) mcludes a first and a second AND-means (220, 221), where 

10 the output of said first AND-means (220) is connected to a first digital-to-analogue 
converter (204A), whereby a first accumukitor (208) is connected to a first non- 
mverting mput of said first AND-means (220) and whereby a second accumulator 
(211) is connected to a first mvertmg mput of said first AND-means (220), the ou^ut 
of said second AND-means (221) being connected to said sec(uid digital-to-analogue 

IS converter (204B), and diat said second accumulator (211) fimher is connected to a first 
non-mvertmg mput of said second AND-means (221), said first accumulator (208) 
further bemg connected to a first mvertmg mpat of said second AND-means (221) 

5 Phase-locked loop (100) accordmg to claim 3 or 4, characterisedm diat 
the phase comparator (103) mcludes a first reset means for the most sigmficant bit of 

20 the first accumulator, a second reset means for die most sigmficant bit of the second 
accumulator, and a durd AND-means (404), where die ou^t of said dunl AND- 
means (404) is connected to said first and said second reset means of said first and 
said second accumulator (208, 211), where die most significant bit of said first 
accumulator (208) is connected to a first non-mvertmg mput of said dm-d AND-means 

25 (404), and where the most significant bit of said second accumulator (211) is 
connected to a second non-mverting mput of said tiiird AND-means (404) 
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6 A method for detenmning the phase error between a first signal and a second 
signal, 

characterisedm that it includes the steps of 

frequency dividing the first signal and/or the second signal, 

S generating a first reoccumng tngger event in response to the first signal, 

graerating a second reoccumng tngger event in response to the second signal, 

incrementing a first phase value by a first predetermined mcrement value when tiie 
first trigger event occurs, 

mcrementmg a second phase value by a second predeternuned increment value when 
10 the second tngger event occurs^ 

calculatmg said phase error by subtractmg said second phase value from said first 
phase value 

7 A method accordmg to claim 6, characterised by represenang the first 
phase value, the second phase value and the phase error by binary numbers 

IS 8 A method accordmg to claim 7, characterisedby calculating a first 
mtermediary binary value as I| - A, + A^ , by calculatmg a second mtermediary binary 
value as A^ + A^ and by calculatmg the phase error as - 



25 

9 A method according to claim 7, characterised by resettmg the most 
significant bit of the first phase value and the second phase value when the most 
sigmficant bit of both said first phase value and said second phase value is 
simultaneously 1 

10 A method accordmg to claim 9»characterisedm resettmg two equal bits 
whenever these are 1 at the same Ume 

1 1 Phase coix^arator (103) for carrymg out the method m accordance to claim 6-10, 

characterisedm that the phase comparator (103) mcludes 

a first accumulator (208) adapted to add a first predefined phase step value (209) to 
a first accumulated phase value in response to a reoccumng event m said reference 
signal, 

a second accumulator (21 1) adapted to add a second predefined phase step value (212) 
to a second accumulated phase value m response to a reoccumng event m said mput 
signal, and 

subtractmg means (223) for determinmg the phase error by subtractmg the second 
accumulated phase value from the first accumulated phase value 

12 Phase comparator (103) accordmg to claun U, characterisedm that the 
phase comparator (103) includes a digital-to-analogue converter (204) adapted to 
convert the phase error and thereby to generate an analogue output signal 



13 Phase comparator (103) according to claim ll,characterisedm that the phase 
comparator mcludes a first and a second digital-to-analogue converter (204A, 204B) adapted 
to convert the first and the second accumulated phase value and thereby to generate analogue 
representations thereof, and that the subtracting means (223) are adapted to perform an 

5 analogue subtraction of the analogue representation of said second accumulated phase value 
from the analogue representation of said first accumulated phase vahie 

14 Phase comparator (103) accoidmg to claim 13, characterisedm that the phase 
comparator (103) mcludes a first and a second AND-means (220, 221), where the ou^ut of 
said first AND-means (220) is connected to a first digital-to-analogue converter (204A), 

10 whereby a first accumulator (208) is coxmected to a first non-mvertmg input of said first 
AND-means (220), and whereby a second accumulator (21 1) is connected to a first mvertmg 
mpat of said first AND-means (220), the output of said second AND-means (221) bemg 
connected to said second digital-to-analogue converter (204B), and that said second 
accumulator (21 1) further is connected to a first non-mvertmg mput of said second AND- 

15 means (221), said first accumulator (208) further bemg connected to a first mvertmg input 
of said second AND-means (221) 

15 Phase comparator (103) according to claun 13orl4, characterisedm that the 
phase comparator (103) mcludes a fir^ reset means for die most significant bit of the first 
accumulator (208), a second reset means for the most sigmficant bit of the second 

20 accumulator (21 1) and a third AND-means (404), where the ou^ut of said diird AND-means 
(440) IS connected to said first and said second reset means of said first and said second 
accumulator (208, 211), where the most significant bit of said first accumulator (208) is 
connected to a first non-mvertmg input of said third AND-means (404), and where the most 
sigmficant bit of said second accumulator (21 1) is connected to a second non-mvertmg mpat 

25 of said third AND-means (404) 
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ABSTRACT 

The invenaon relates to a phase-locked loop compnsing a voltage controlled oscillator 
and having a frequency control input for controUuig the frequency of the output signal 
Hie phase-locked loop also has a frequency divider, and a phase comparator for 

S denving a control signal from a phase error detected between the frequency-divided 
output signal and a reference signal The control signal bemg coupled to the frequency 
control u^ut of said voltage controlled oscillator The phase comparator mcludes a 
first and a second accumulator adapted to add a first or a second predefined phase step 
value to a first accumulated phase value The phase-locked loop has subtractmg means 

10 for determimng the phase error 

The invention also relates to a method of for obtaimng information on a phase error 
between two signals 

The invention also relates to a phase comparator for use m a phase-locked loop 
Figure 2 should be published 
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